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A. TABLE OF ISOTOPES PROJECT

E. Browne, J. M. H. Chong, J M. Dairiki, D P. Kre1tz, C M. Lederer,'
T. Prussin, M. E. Schwartz, M. A. Sharp, and V. S. Shirley

The publication of the seventh edition of the Table of Isotopesl
in 1978 concluded a seven-year project involving a total effort of
more than 50 man-years. Over 30,000 journal articles, reports, conference
proceedings, private communications, and theses were used as source
material for the present edition. In terms of both reference citations
and data, the seventh edition is a factor of 4 times as large as the
sixth; the complexity of the level schemes has increased even more--
by a]most an order of magnitude. The literature cutoff varies from
about January 1977, for the lightest mass chains, to December 1977,
for the heaviest. v .

The Table of Isotopes contains an extensive introduction which
explains the scope,;nomenc]ature, and evaluation policies used in
the table. The authors' criteria for data selection are based on a
determination to present the best measurements-—c]ear]y 1nd1cat1ng
conflicting results and avoiding redundancy. -

The layout of the data in a single table (as opposed to the double-

“table format of -the sixth edition) is described in Fig. 1, reproduced

from the Introduction of the Table of Isotopes. Data categories included
in the tabulated listings are more fully delineated in the Contents

-~ —(Fig. 2).” Several significant changes-have been—introduced in:the -

present edition. Reported uncertainties are included for all quantities
in tabular data listings. Smaller italic numbers following any value
represent the uncertainty in the last place(s). A new reference-code
format "journal volume page(year)" permits direct look-up of an article
without the need to look up the code. A brief (12-page) list of the
reference codes replaces a full bibliography, which otherwise would

have increased the seventh edition by about 300 pages.

Figure 3 illustrates how a mass chain compilation is presented

in the Table of Isotopes; a portion of the data for mass number A
= 202 1is shown. Sophiﬁf1cated computer facilities and extensive programm1ng
(descr1bed in prev1ous annual reports)2>3 have made it possible to :

- present the data in a variety of type sizes, styles, and intensities.

The pages -are thumb-tabbed by mass number for rapid data access.

This work was supported by the U.S. Department of Energy under
contract No. W-7405-ENG-48.



Appendices include material of general interest to users of the
Table of Isotopes (see Contents, Fig. 2). Three of the appendices
deserve further comment. Appendix II contains tables of convenient

standards for calibration of y-ray, conversion-electron, and o-particle

measurements. The y-ray standard tables, prepared with the assistance

II. General Features of the Table of Isotopes

II.A. Layout: An Isotope Index, ordered by atomlc
number (Z) and subordered by mass number (A),
precedes the main table. It contalns all stable nuclei,
radioisotopes, and isomers that appear in the Table of
Isotopes. (R-rated isotopes - those identified only in
nuclear reactions — do not appear in the Isotope Index.)
In addition to the Isotope designation, the index includes
the natural abundance, half-life, class (certainty of
‘identification), and the number of the page on which the
tabular data entry is found in the main table. :

The maln table Is ordered by mass number and

(Ima ge size has subordered by atomic number. For each mass number
there is an abbreviated mass—chaln decay scheme,

been reduced to: showing the adopted half-lives, spin-parity
conform to NDC assignments, and. decay energies (Q-values) for the
f isobars, and the decay relationships between them.
ormat) ) Noted near this scheme are the initials of the compller(s)

and, following a semicolon, those of the reviewer.

Following the mass-chain decay scheme, tabulated
data and detailed nuclear level schemes are given for
Individual isotopes. Tabulated data entries are included
for each ground state or isomer with half-life 21 s. A
few shorter—lived isomeric species are also included —
e.g., fission isomers and a few “historic” isomers, such
as #MNa, The data include natural abundance, mass
excess, nuclear spin, thermal neutron cross sectlons, all
categories of data on radioactive decay, and
excited—-state half-lives, Data categories are shown to
the left in bold serif type. The data are printed in
sans—serif (ploin) type. Each entry under a glven data
category concludes with the reference code or codes in
braces §{}. Longer data entries (radiation data in
particular) begin on a new line, indented to the left of
any continuation lines. .

Detailed level .schemes are given for each ‘isotope
(A,Z) for which there Is information beyond that shown
on the mass—chain decay scheme. The schemes are
separated into a "decay-level" scheme, showing levels
and transitions observed in the decay of all parent
{sotopes and lsomeric states, and a "reaction” scheme,
summarizing the Information derived from nuclear’
reaction studies, Absence of a decay-level scheme, a
reactlon scheme, or both, means that excited levels have
not been observed or that the scheme Is not well
established. .

Decay-level schemes include all levels established in
radioactive decay studies. Reactlon schemes include
most levels observed in nuclear reactions; when it is
necessary to omit levels because of space limitations,
the number of omitted levels, the energy cutoff above

i 1 i which they occur, and (usually) the reactions which
F1 g : ] : DESCY:'I pt1 on Of populate tlfem are noted in a comment. Not included are
data 1 ayout in the most neutron—capture resonances and other unbound

states (e.g., giant resonances); these states are.generally

Tab] e g_f. ISOtoPeS 4 . ' outside nfe scope of the present compilation, with a few
from the Introducti on. exceptions In the light-element reglon. Some
( XBL 786 9 4 47 ) references to unbound levels other than neutron
= : resonances are Included under “other reactions" or

“others".

L1
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(Image size has been reduced to conform to.NDC formatj

Contents &

Preface

Introduction

Changes introduced in the 7th edition — general features of the Table of ‘Isotopes -
detalled description of the data ]lstlngs and level schemes

Isotope Index

Isotopes by element — abundance — half-life — class — page

. Table of Isotopes

Mass—chain decay scheme — natural isotopic abundance — atomic mass excess —
spin — neutron cross section (capture and fisslon) - type of decay — genetic
branching — half-life — class and means of identification — means of production —
alpha, beta, neutron, proton, and gamma radiation data (energies, intensities,
internal conversion coefficients) — angular and polarization correlations of
radlations — half—lives of excited states — electron capture subshell and capture to
positron ratios — internal bremsstrahlung endpoints — detailed level scheme
(levels populated by radioactlve decay) — detailed level scheme (levels populated
by nuclear reactions)

Reference~code List
Appendices

APPENDIX I. CONSTANTS AND CONVERSION FACTORS
Fundamental constants — energy converslon factors

APPENDIX II. NUCLEAR SPECTROSCOPY STANDARDS
Gamma-ray energies and intensitles — conversion—electron lntensltles -~ internal
conversion coefficients — alphe—partlcle energles

"APPENDIX III. ATOMIC LEVELS ) o
Electron binding energles — K x-rays (energles, relative intensities, and
fluorescence yields) . ,

APPENDIX IV. ABSORPTION OF RADIATION IN MATTER
Half-thickness- for gamma-ray absorption - range and stopping power for
electrons — range and stopplng power for heavy. ¢harged parllcleSA, ..... -

APPENDIX V. NUCLEAR DECAY RATES

Specific activities — log ft values — K—capture to positron ratios — electron capture
subshell ratios — alpha decay hindrance factors — photon transition probabilities
and lifetimes - theoretical internal conversion coefficients

APPENDIX VI. THEORETICAL NUCLEAR LEVEL DIAGRAMS
APPENDIX VII. TABLE OF NUCLEAR MOMENTS

Index~- 1~9

1-1523

Reference Codes— 1—-12

Appendices- 1-2

Appendices— 2-7
Appendices- 8-12

" Appendices— 13-17

Appendices— 18-36

Appendices— 37-41

Appendices— 42—64

Fig. 2. Tab]e of Contents from the seventh ed1t1on of the Tab]e of

Isotoge (XBL 786- 9448)
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XBL 786-9445 ! _ [
Fig. 3a, b. A portion of the data for mass number A = 202 taken from
the Table of Isotopes. Included is the mass-chain decay scheme which -

begins each A-chain compilation, tabulated data listings for several

of the A = 202 isotopes, and "decay-level" schemes, "reaction" schemes,
and their references. for 202Hg and 20271, Note the stackplotting

of all yv-ray transitions which proceed to the same final level in

the 202Hg reaction scheme. o (a) XBL 786-9445; (b) XBL 786-9446
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A: -25.988 18 JANDT 18 175(77)}
I: 2 A8 {BAPS 3 319(58)}
4 EC {PCom 36 490(40), ZP 119 602(42)}; no g*
“{PR 79 1014(50)}
t|/,: 12,2324 {llso 26 403(75)}; 12.41d NP 7581(66)}; 12.01d
{Phca 23 1056(57)k 12.5025d {JINC 35 2139(73)}; others:
{PR 86 565(52), PR 79 1014(50), PR 60 619(41)}
Class: A; Ident: chem, excit {PCam 36 490$40); PR60619(41)}
Prod: 202Hg(d,2n) {PCam 36 490(40)k P'rg(d,n) {Phca 25 326(59)k
20371(d,1) {Phea 25 326(59) .
7: 0.439561, 0.520137Ge(Li) {I1so 26 403(75)}
0.43942, 0,52035, 0.9597 ¢ Ge(Li) {1D0-17222(67)}
{norm: 75440 (r 91/%), from level scheme, RED) 74440’
. (1,100, ¥o.520 (1,1.03), o960 (1,0.133) seint, scint-scint
»y» coinc NP 75 81(66)} .
0.43914(K/Ly,,/L53.3/1/0.29) mag conv {PR 92 918(53)}
Hg LX (1,1.866), Hg KX (1,1002), yg:440 (1,1003, e, /y 0.034,
K/L2.7) mog conv, scint, jon ch {Phco 23 1056(57),
Phca 22 208(56)F .
Yoaso (1,100, 3, 100), ¥goeo (1,0.0745, $,0.013313) mag
conv, scint {NP 62 337(65)}
Youso (1,100), 7¥ose (1,0.1), ¥og60 (1,0.109) scint,
scint=scint yy coinc {ArkF 17 337(60)}
Yoaso (1,500}, ¥os50 (1,0.4106), o460 (1,0.0538) scint,
scint-scint yy coinc {Phco 25 326(59)}
others: {NP A184 157(72), NuoC s10v 14 509(59)}
¥7(6): {PL 268 374(68)} .
t4/2(0.950):570 rous”  {CEA-R-2900(66)}, 56510us deloy coinc
{NP 61 129(65)}, 58525us deloy coinc {PR 112 1958(58)},
60020us {NP A241 135(75)}, 60822us NP A102 534(67),
OesS 175p2 163(66)}, 536 15 us deloy coinc
fUINC 35 2139(73)}; others: {ZETF 45 1344(63),
ArkF 12 237(57), PR101 1067(56)}
EC(0): EC(L)/EC(K) 0.220732 {NP 75 B1(66)}
EC(0.440): EC{L)/EC(K) 0.1962 {NP 75 81(66)}; others:
{NuoCs10v14 509(59), Phco 25 333(59), Phca 23 1056(57),
PPSL 694 70(56), PR 96 548(54), PR 79 1014(50)}
EC(0.960): EC(L)/EC(K) 0.30520 {NP 75 81(66)}; others: JArkF 17 337(60)}

A: ~25.942 171 {ANDT 19 175(77)}
#: EC {PR 96 548(54)}
tya w3x10%y  yield {PRO6 548(54)}; others: {PR 78 191(50),
PR 72 766(47)}
Class: A; Ident: chem, genet, mass spect {PR 96 548(54)}
Prod: 2937(d,3n) {PR 96 548(54)}
ty/a(levels): 1.383: 1.972ns delay coinc {ZPA280371(77)}, 2.0015ns
delay coinc {Arkf 14 439(59)} .
2,208: 424 ns delay coinc {NP A229 230(74)}
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82D

At -23.772711 {ANDT 19 175(77)}
#: 1790.5%, £€ 9.5% {PR C5 2107(72)}
tyzat 3.623h  {ArkF 12237(57)}; others:’ {Phce 20 521(54),
T PRQ3 1433(54)} R .
Class: A; Ident: chem, excit {Phco 20521(54), PR93 1433(54)%
chem, mass spect {NP 3 513(57)}
Prod: 2T(d,3n) {Phca 20 521(54), PR931433(54)}; 293Ti(p,2n)
PR C5 2107(72)}
¥ wIth EC: (intensities relotive t0°1,100 for yq347 {with IT)) 0,1485575
’ (1,0.4515, e /y 2.9,  K/L6.112), 0.211927 (4,1.53,
e /7 0.14), 0.24111 ($,0.202, K/L,,,/ty 183/10/4.09),
0.3355510 (10.4510, e/y0.23, K/L=5), 0.389947
(t,12.410, e,/y0.18, K/L6J3), 0.459727 (t,17.310,
€/y0.041, K/L /Ly 182/10/2.02), 0,490477 (1,18.410,
€./70.0073, K/Uy /Ly 3911/10/1.23), 0.601955 (t,1.21,
e/y0.016) Ge(Li), mag conv, Ge(Li)-Ge(Li) yy. coinc
{PRC5 2107(72), NP 3513(57), Phil s7v46 61(55),
Phil s7v46 65(55), RED} ¢
7 with IT: {norms: 7,40, (¥ 861%), from level scheme, RED) 0,12475¢
1,1.13), 0.12931  (1,0.083, e/y~700, K/L;/t,/Ls
<0.02/%0/1.9/1.0), 0.34037 (4,(Yo.240*Yo201(With EC))
223, 140.312, K/L5.06), 0.41732 (1,0,87), 0.422126
(1,1729, ec/y assumed 0,030, K/t,,,/Ly 314/10/1.83),
054763 (1,0.255, e/70.35, K/L,ia/ly 9%1/10/1.79).
0.657495 (1,653, e,/y 0.0053, K/L5.57), 0.786995 (1,100,
ex/70.079,  K/L,,o/Ly 131/10/~1), 0.95452° (,2.04),
0.9607015 (1,184 75, e,/y 0.0056, K/L,,,/Ly 548/10/%0.7)
Ge(Li), mag conv, Ge(Li)-Ge(Li) yy coinc, mog-mag ee
coinc {PR C5 2107(72), NP 3 513(57), RED}
Yo.azz (/7 0.0322), yo.767 (ex/y 0.0884) semicond~scint ey
coinc {NP 56 689(64)}
(intensity relative to 4,100 for y4.7g7) 1.38285 ($,6.41x107%,
K/L 3.47) Ge(Li), Si(Li) conv PR C12 338(75), RED} .
y: others: {ArkF 11 105(56), Phca 20 521(54), PR 93 1433(54)}

Fig.
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of R. A. Meyer, are the first such tables to present y-ray energies
bas d on the new "gold standard, "4 the 411.80441 15 keV transition
98Au decay. .

Appendix IV has been added to include information on half-thicknesses
for y-ray absorption and on the range and stopp1n? gower for absorption
of electrons and various nuclei (protons through in different
stopping media.

Appendix VII is an updated version of the Table of Nuclear Momentsd
published in 1975. This table will continue to be updated (production
is computer1zed), and future editions will appear at 2- or 3-year
intervals. It is expected that the seventh edition of the Table of
Isotopes will be the last in the series started in 1940. The project
is now part of the U.S. Nuclear Data Network (NDN) and is compiling
mass chains for inclusion in the Evaluated Nuclear Structure Data
File (ENDSF) and for publication in the Nuclear Data Sheets. The
compilation and evaluation of mass chains A = 146-152 and A = 163-194
has been ass1gned to LBL as a principal respons1b111ty

The proaect has just completed the Nuc]ear Wallet Cardsb on behalf
of the NDN. This 84-page "shirt-pocket" booklet contains tables of
nuclear properties, elemental properties, fundamental constants, and.
energy conversion factors. The data presented in the nuclear properties
table are adopted values from the seventh edition of the Table of
Isotopes, and include spin and parity assignment, mass excess, half-
[ife Eleve] widths are given. for particle-unstable nuclides), natural
abundances, and decay mode. The NDN plans to update the wallet cards
on a 4-year cycle. ‘
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B. RADIOISOTOPE DATING WITH THE 88-INCH CYCLOTRON*

-I..

R. A. Muller, E. J. Stephenson, and T, S. Mast

Since July 1976, we have been sfudying and deve]oping the Eotentia]

of the 88-inch cyc]otron'for radioisotope detection and dating.

This cyclotron is much larger and more powerful than required for

dating, but its flexibility and ability to tune rapidly to accelerate
almost any isotope has enabled us to study several different applications.
We now have demonstrated the sensitivity of using the cyclotron for

the detection at natural concentrations of tritium, berylllum -10,
carbon-14, and chlorine-36.

The key feature that allows direct detection of ]ow-]eve] radio-
nuclides is the high energy of the emerging beam, which allows particle-
identification techniques to be used on an atom- by-atom basis. Without
such particle identification, direct counting is:impossible because
unstripped background ions with.the same.charge-to-mass.ratio.always
appear in the beam. For carbon-14 the main background is nitrogen-14.
In order to apply the particle identification techniques the nitrogen
beam intensity must be reduced to the level which will not damage
or cause pile-up in the silicon_detectors. When tandem accelerators
are used for radiocarbon datingd® this reduction occurs in the negative

~ion source. For the cyclotron we have developed a technique that

achieves the required reduction after acceleration. We have built
and used for this purpose a simple gas cell which completely stops
the n1trogen beam while allowing the carbon-14 atoms to pass.

The separation techn1que makes use of the fact that the range of
carbon-14 atoms is approximately 30% longer than that of nitrogen-14.
Uniformity of the stopping material is essential to ensure the minimum

range-straggling for the nitrogen ions. The best material we have

found to meet this requirement is gas, separated from the cyclotron
vacuum by a thin window. We found that 1/3u of gold foil will support



1 atm of pressure difference if supported by a grid with gaps no larger
than 1/3 mm (Fig. 1). Gold and platinum are convenient window materials
because their high atomic number Z inhibit nuclear charge-exchange
interactions which can generate spurious carbon-14 atoms. For the

same reason, xenon was chosen for the gas.

With_the xenon gas cell we were able to eliminate completely
10 nA of 14N ions. A-plot of the nitrogen penetration as a function
of xenon pressure is shown in Fig. 2, measured using a single particle
detector. The curve shows discrimination to a level of 10-9; in several
hours of coincident detection using both AE and total E detection,
not a single nitrogen event perturbed the xenon cell, implying ?
discrimination factor for the coincident system better than 10-14.

Fig. 1. The thin foil separating the xenon in the range cell from
the vacuum of the cyclotron is supported on a tungsten grid, with
hexagonal openings 0.33 mm in diameter. This grid is only 25 u thick,
and is supported in turn by a heavier 100 p-thick tungsten grid with
hexagonal openings 0.1 mm in diameter. The entire structure gives
a clear aperture of 65%, over which 0.3 p-thick gold foil can support
a 1-atm pressure difference. :

(XBL 781-163)
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Fig. 2. Nitrogen-14 transmission through the xenon cell as a function
of xenon pressure. The nitrogen-14 was detected with a single ionization
chamber with a threshold energy loss of 0.8 MeV. When coincident
detectors were used, the discrimination against n1trogen was found
to be better than 1014,

(XBL 783-2411)

For the range separat1on performed in the original tritium
experimentl a single piece of aluminum foil was used. Because of
the low level of background 3He and its much shorter range than 3H,
non-uniformities in the foil were not critical. For beryllium-10
a solid foil is probably acceptable; for our measurements the xenon
cell was used. For chlorine-36 the high uniformity of the xenon cell
is essential. The “thickness" of the cell in milligrams per cmZ can
be adjusted remotely by changing the pressure of the xenon gas. The
range-separation technique should prove to be valuable for those using
tandems as well as cyc]otrons

Except for the case of carbon-14, the levels of ‘background
radioisotopes in real time from nuc]ear charge  exchange reactions
may, however, prove to be the ultimate limit to the cyclotron approach.
For carbon- 14 our sensitivity at present is limited by a high level
of carbon-14 within the graphite-lined tank of the 88-inch cyclotron
produced from years of scraping deuteron beams. The level of this
carbon, which finds its way into the ion source during a run, has
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~ varied from 1/3 to several times the level of carbon-14 in the sample

being measured. We have made dates in spite of this background by

rapidly switching sample gases to allow the comparison of the unknown

with a blank and a reference standard. The results of a blind : : i
measurement?:3 of a sample are shown in Fig. 3. In this run the measured

age (in radiocarbon years) was 5900 £800, with the large error dominated _
by the statistics of the background subtraction. The Rochester tandem ' S
group has a similar background; their ability to measure dates as

old as forty thousand years is a reflection of the fact that their

background is about a factor of ten Tower than ours.

In the carbon-14 measurements the carbon was conveniently introduced
to the IR“ source in the form of CO2 gas. The efficiency for acceleration
of the 14C3* jons could be varied between 105 and 3 x 10-4; in a
typical run it was 3 x 10-5.

_ll|'1lII]I1III|l|‘lll|_
- \% a Known age 465yr ]

100 % A Unknown
RN
<X

+ ¢\¢¢\ OBIank ?

Lot e bt r e b
3:00 400 500  6:00
" Time (PST) '

Fig. 3. The 14C/14N ratio as a function of time, for a blind sample.Z2,3

The carbon-14 was measured with an ionization chamber, silicon-detector

telescope. The nitrogen-14 was measured by integrating the current K
from slits which collimate the beam soon after it emerges from the '
cyclotron and well before it enters the xenon gas cell. Three samples :
were alternated: one of known age 465 years; a sample known to contain ’
no carbon-14; and the unknown. The fit corresponds to an age of 5900 . :
years, where the "standard" radiocarbon half-life of 5570 years has

been assumed.
(XBL 7712-11088)
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We have made nearly a dozen successful “uohblind“ tests, and
the successful "blind" test shown in the figure. More recently,

" however, we made a blind measurement in which our answer differed
"greatly from the answer achieved by decay-dating: we misestimated

the age of an 8,000-year old sample dated by Rainer Berger to be
18,000 years old. This was the only collagen sample we have measured,
and we suspect that impurities in the CO» affected the performance

of the ion source, changing the level of background appropriate to

‘subtract. The best hope for the elimination of such systematic errors

lies in the elimination of the background. The easiest way to achieve
this will be to use an external ion source which can pre-accelerate
the ions to tens of keV before they enter the contaminated tank of

the cyclotron. The design and construction of such a source is now
under way, .and we expect it to be operational later this year.

In our 10Be measurements no comparab]e background has been detected.
We have measured 10Be/9Be ratios in beryllium metal at the 10-9 level,
comparable to that expected in sea floor sediments. We observed 800
0Be per second in our detectors, and the background was Tess than

one count in five minutes. Our sensitivity for 10Be is ‘better than

10-14, justifying all the optimism expressed in Ref. 1. A comparable
sensitivity was achieved when Be0 was substituted for beryllium metal
in our Penning Ion Gauge (PIG) sputter source, but we have not yet
achieved an accurate date with BeO.

- Accurate 10Be dating will require rapid cycling between samples
of known and unknown concentrations. Since the samples are presently
introduced in the back insert of the PIG source they cannot now be
readily changed in the internal ion source The new external ion source
will allow this rapid cycling. .

For 36C1 our demonstrated senswt1v1ty is 10-12 for the ratio’ :
36C1/C1. This sensitivity is sufficiently good to make 306C1 an attractive
tool for measuring the age of water in potential nuclear waste storage
sites, useful in determining the geologic isolation of the deep site
from the surface.

After only one and a half years of development, the accelerator
approach has already proven its potential for several radioisotopes.
Except for the case of .carbon-14, there have been no unant1c1pated
backgrounds, and we are opt1m1st1c that the full predicted!l sensitivity
of the accelerator approach will soon be utilized.
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C. ISOMERIC STATES IN Bi*

P. A. Baisden, R. E. Lebek, M. Nurmia, J. M.'Nitéchke, M. Michel,
and A. Ghiorso '

During a search for superheavy elements via the reaction of 48Ca
with 248Cm we discovered several alpha lines around 10 MeV with a
half-1life of 25+ 1 min.l In addition, a line at 11.66 MeV was observed
and found to contain a longer-lived component of 9+ 1 min in addition
to the expected 45-sec half-life of 212Mpg .2 Both activities could
be produced by the bombardment of 208Pb with 40Ar, and also from 238U .
with a variety of projectiles such as 40Ar, 48Ca and 136Xe. _

A spectrum of a source obtained by irradiating 238U with 40Ar
followed by electrolytic dissolution and extraction of the Bi-Po-At
fraction into diphenylthiocarbazone-CCl14 at pH 2.5 is shown in Fig.
1; the doublet at 6.3 MeV was found to decay with the same 25-min
half-life as the group at 10 MeV.

>

The 25-min activity was found to follow the chemistry of Bi through
the technique of residue adsorption or chemisorption3 and its mass
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number was found to be 212 in three isotope separation runs made with
chemically separated samples using the LBL Isotope Separator. Our
studies indicate that this isomeric state, 212mlBi, decays both by
algha emission to 20871 and by beta emission to excited levels in
212po, followed by the emission of “Tong-range" alpha particles to
the ground state of 208pp, _ ‘

g Po g 4+ 28y
0¥k 8297 * Bi, Po, At fraction
_ 6.336 M, .
€ | g
2
O :
s FF
Q
£
3
o |0| L
10°

5 1% 9 10 i
- —E(MeV)—~ :

Fig. 1. Alpha spectrumvof'the Bi, Po and At fraction from 48Ca +
238y, Geometry 20%, resolution, FWHM = 25 keV. (XBL 783-332)

The fact that an isomeric state should exist in 212Bi is suggested
by analogy with the 9-isomeric state in 210Bi.4-7 The configuration
of 212p4; Sﬂhg 2)(vag/2)3, differs from that of 21081, (whg,2)(vgg/2),
in that 21281 has two additional gg/2 nheutrons. She]l-mode{ studies
have been carried out on the ground state and low-lying states of
the configuration (whg/2)(vagsp) of 210Bi by Kim and Rasmussen.8 Their
calculations, which are in excellent agreement with the experimental
observations of Motz et al.,? indicate the level responsible for the
isomeric state is a 9~ state located at 268 keV. Therefore, we suggest
an analogous 9- spin for the isomeric state in:212mlpj,

Detailed shell-model calculations of the excited levels of 212po
have been made by several authors. In one such calculation Glendenning
and Harada, allowing for configuration mixing, predicted a state with
Jr = 18* to explain the 45-second 212mpg 10 "Their results also indicate
the possibility of another isomeric state J = 10-12 at an excitation
energy of 1.2 MeV. On the other hand, calculations by Auerbach and
Talmi, assuming no configuration mixing, indicate a spin of 16 for
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212mpo,11 L ikewise, their calculations also suggest a second isomeric
state, however of lower spin, around J = 8-10.

It is reasonable to assume that since the f1rst exc1ted state
of 208pb-is 2.6 MeV above the ground state, the 10-MeV group decays
to the ground state of 208pb. This would place the levels in 212po
responsible for the 10-MeV transitions at an excitation energy of
1.1 to 1.5 MeV. These levels are consistent with either of the she]]-
model calculations mentioned.

As a test for the assumption of a 9- isomeric level in 212Bi,
one would expect a log ft value of 6-9 (first forbidden trans1t1on)
for a beta decay from a 9- to either an 8+ or 10* state in 212po.
In view of the possibility of gamma decay the ratio of alpha transitions
from the 9~ state yields a lower limit of 7% for the beta branch to
212po. The resulting upper limit of 6.8 for the log ft value is then
compatible with the spin assignment of 9- for 212mlgi,

We were unable to obtain a definite elemental or mass assignment
of the 9-min activity in the chem1sorpt1on and isotope separation
experiments but we did find out that 1t is cogrec1p1tated with CuS
from an acidic solution. Since our 48Ca + Cm work showed that
it is genetica]]¥1§e1ated to the 45-sec 212mpo, it could, in principle,
be an isomer in 2po or 212Bi. The first poss1b111ty was
eliminated when we observed that we could volatilize the 211at-211pg
activity away from our sources while the 9-min and 25-min activities
remained.

In their discovery work on 212mpo, perliman et al.2 irradiated
a lead oxide target with 116-Mev 11B ions and separated a Po fraction
by a combination of volatilization and cation exchange. They found
that ratio of the 2l1lpo and 212mpo activities was not changed by the
chemical procedure if the latter was assumed to have a half-life of
45 seconds; this apparently rules out the possibility that the 9-min
activity is another isomer in 212pg feeding the 45-second state.
It is also difficult to postulate a second” isomer in 212po that would
decay into the known 212Mpo and yet have the required long half-life
against alpha decay. ‘

The remaining Yoss1b111ty, that the 9-min ait1vity is another
isomeric state in 212Bi which beta decays into 2 mPo, gfgears quite
plausible. If one breaks the pair of gg/p neutrons in Bi and recouples
the four particles outside the 208ph core to maximum spin, a 15-state
is obtained.12 We consider this state in 212Bi the most likely explanation
of the 9-min _activity; a consequence of this assignment would be that
the spin of 212Mpo would be 16 as suggested by Auerbach and Taimi.ll
A decay scheme of the two isomers is shown in Fig. 2.
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Fig. 2. Tentative decay scheme for isomeric states in 2128i. Relative
alpha intensities are given in parentheses after the alpha energies.
Other pertinent information shown, which was not explicitly determined
in this work, was taken from Ref. 13. _ - (XBL 783-330)

In conclusion w? have shown evidence for the existence of two
isomeric states in 212Bi. Since these isomers are made in a variety
of heavy reactions with heavy targets, the high energy alpha particles
associated with their decay may be present in experiments aimed at

the synthesis of superheavy elements. The possibility is accentuated
by the fact that Bi is a homolog of element 115 and will follow the
chemistry of the eka-Pb group of the superheavy elements.
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D. NEW EXPERIMENTAL INSIGHTS INTO THE PRODUCTION ‘OF SUPERHEAVY ELEMENTS
USING HEAVY ION REACTIONS*

R. J. Otto, D. J. Morrissey, G. T. Seaborg, and W. D. Love]andJr

Attempts at the Lawrence Berkeley Laborator¥ to produce superheavy
elements (SHE) using the reactions of 48Ca with 248Cm and 136Xe with

38U have been unsuccessful. These negative results have led us to
consider the possibility that these reactions (and their associated
mechanisms) do not lead to the formation of superheavy nuclei with
sufficiently low excitation energies. Consequently, the number of
surviving atoms of superheavy elements is well below our detection
thresholds even with using relatively low estimates for prompt fission
losses. A summary of some new experimental evidence, supporting the
above hypothesis, is presented and possible alternative heavy-ion
heavy-target combinations are suggested for SHE synthesis.

We have considered several possible reasons for negative results

in the synthesis and identification of superheavy elements obtained
at heavy-ion accelerator laboratories around the world. Due to the
Jimited choice of targets above uranium, projectiles heavier than

Ar have been used. However, for projectile ions near and above
the mass and charge of 40Ar, quasi-e]astic transfer and deep-inelastic
transfer comprise a significant fraction of the total reaction cross
section. The deep-inelastic transfer reaction has many characteristics -
that tend to obscure the observation of the comp]ete fusion and compound
nucleus-fission reactions. As a result, previous measurements of
the fraction of the total reaction cross section corresponding to
complete fusion can-only be taken as upper limits. Furthermore, mass
and energy distributions associated w1th binary events from heavy-
ion reactions for example, 40Ar + 238y (Ref. 1) or 40Ar + 243Am
(Ref. 2) in which complete fusion was assumed to occur, cannot be
safely interpreted as corresponding to the fission of a compound nucleus.

A recently developed differential recoil range method3 can be
employed to further test this broad role of the deep-inelastic transfer
process in the production of a wide range of products from bombardments
with 40Ar and similar ions. This method has been used to deduce the
general shapes of angular distributions of products ranging from
approximately one-half the mass of the compound composite system to
products near the target.? These recoil range distributions from .
the reaction of 250 MeV 40Ar with 2380 were correlated with a trend |
in the angular distribution of the proaect1]e-]1ke fragment as a function
of AZ similar to the trend observed in the 40Ar + 197Ay reaction.5-9 -
This is a trend that has been interpreted as evidence for viewing the
deep inelastic reaction mechanism as a dynamical diffusion process.6,7,9
Complete fusion is ruled out for products with backward- or forward-
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peaked angular distribution since the 1/sin6 -type angular distribution
is expected for such a process.

These data indicated that non-complete fusion (and non-compound
nuclear) processes accounted for an unexpectedly large portion of
the mass distribution of the 48Ca + 238U reaction and, of the broad
symmetric, previously labeled "fusion-fission," mass distribution
of the %0Ar + 238y reaction.l Again, we can see that earlier work
on the 40Ar + 238y system may have overestimated the cross section
due to complete fusion processes. Thus we conclude that the use of

Ca as a projectile with heavy targets, considered a hopeful approach

for the production of SHE's, must actually result in a much smaller
production of compound nuclei than had been anticipated.

-t

&~

For ions heavier than argon, complete fusion-fission rapidly
decreases, eliminating the possibility for production of SHE fission
fragments in such reactions as krypton, xenon or uranium with uranium.
In spite of the larger contribution from deep—inelastic transfer reactions,
some complete fusion_and compound nucleus formation is expected to
occur in the 48Ca + 248Cm reaction. However, use of the proximity
potential mode110 and the Bass modelll,12 pred1cts complete fusion
thresholds 10 to 15 MeV h1%her than the interaction barrier, and_the
work of Saint-Simon et al.I3 using the similar reaction 40Ar + 238y
provides experimental evidence for such an effect. As a result the
~minimum attainable excitation energy for the compound nucleus (296116)

results in large prompt fission losses putting the SHE production
Tevel below the present experimental level of sensitivity.

For the 136Xe + 238y reaction, the probability of transferring

the required number of protons and neutrons to reach the SHE region
appears to be unacceptab]Y low. This coni1usion is supported by a
study of the react1on of 136Xe and 160Gd.14 The reaction
160Gd(136xe;84Kr,n's)212pb requires the transfer of 18 protons and
.34 neutrons to 160gd from the 136Xe projectile. This is the number
of protons and neutrons required in a transfer from 136Xe to.238y
-to make (290110) which is predicted to be in the "island of stability."

Using a_radiochemical separation procedure, an upper limit of
2 x 10-34 cm?_was observed for production of 212pb in the reaction
of 1150 MeV 136Xe with a thick natural Gd target 6 '
The upper 1imit cross section for the reaction 160Gd( 36Xe 84Kr n s)212Pb o
is therefore 1 x 10-33 cm2 or 1 nb. The 1 nb limit was aggl1ed to

a_similar or greater number of nucleons transferred from 136Xe to

38y by assuming that less than 10% of the Pb fragments fissioned

and that the nucleon d1ffus1on r? SS and thg 1nter%§tion times are
nearly the same for the 136Xe + 160Gd and 136Xe + U reactions.

It was pointed out that this limit is consistent with the theoretical
prediction that the cross section for transfer of ~60 nucleons in
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the Xe + U reaction is about 1 nb.15 Figure 1 summarizes the results
of this work. The cross section for SHE production is estimated to
be <4 x 10-36 cm?. | -

136yq + 160Gq -, 212pp + 8, + o
saxe + 10360 > 220 + Shkr + n's

-33 .2
<1X10
ODIT em

Transfer to target (Ap = 18, An = 34)

' Loss by Fission?
136y, + 238y , 29011 + 88 4
54 X * gg ¥ > T (M0 gy ¥ ggKr + s

X
<1Xx1033 x4 x 103

33|__n
<1Xx10°
O%sue SV ST

Fig. 1._ _An upper limit cross section for the production of SHE'S
in_the 136Xe + 238y reaction based on the experiments using the 136Xe -
+ 160Gd reaction. Values of x = 4 and [Tp/(Ty*Ts)14 = 4 x 10-3 were
used.14, S - (XBL 789-11116)

The possibility remains that transfer reactions using very heavy-
jon projectiles such as 197Au, 208pbh, 238y, or 244py with 254fs or -
Fm targets could lead to the production of SHE nuclei at relatively -
low excitation energies. '

Recent studies of the 238y + 238U reaction at Gesellschaft fur
Schwerionenforschungl6,17 show that, for a given average width in
the charge dispersion (mass dispersion), the energy damped into internal
excitation energy is less than in Xe transfer reactions.18,15. Such
an observation can be interpreted as supporting the idea that there
should be significantly larger cross sections for thf»production of
heavy transuranium elements in the reaction of U + UL6 than in the
Xe + U reactions.19 Evidence for such an effect can be seen by making
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a comparison of the yields of Cf and Es isotopes (AZ = 6 and 7, —
respectively) from these two reactions, where the cross sections for.
the production of the more neutron-excessive isotopes are 10 to 102
times larger from the U + U react1on.17 Such an effect suggests the
use of a very heavy target such as 248Cm, 249Cf,

57Fm with a heavy-ion beam of 238U (or possibly 197Au 208Pb or

44 Pu) as a way to produce SHE's. F1gure 2 shows a number of interesting

transfer reactions. The 165Ho and 248Cm reaction shown first could

be driven by the closed shell at Z = 50. However, the diffusion process
would probably favor symmetric division into two fragments near 208pb,

165y, 248 28911 + 124
67Ho 960m - { 3) 5OSn ,

N

165, , 248 208p,, + , 205
6_’Ho 96Cm - 82Pb 81TI

238,, , 238,, _, 255 221 o 10-33
92U | 92U_’100Fm+ gato o~ 10

Transfer (Ap = 8, An =9)

254 + 238y, 271 .t 221
SoEs + 238u - (107) 2 Po.

Transfer (Ap = 8, An = 9) :

257F + 238 283 + 212
100 m 92U—> (110) _82Pb

Transfer (Ap = 10, An = 16)

Fig. 2. Hypothesized heavy-ion transfer reactions. Only the U+U
reaction has been shown to occur experimentally.l7 No designation
of emission of neutrons has been indicated. =~ (XBL 789-11117)
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Based gn the results with the U + U reactionl’ studies at GSI
to produce 255Fm, an analogous reaction of 238U with 254gs is written
to suggest the possibi]ity of transfer reactions to produce elements
near the SHE region with reasonable cross sections. However, the
formation of SHE's requires a transfer w1th a ]arger neutron-to-proton
ratio, as indicated in the reaction of 238U with 25/Fm. It is important
to note that the predicted stability of the products in the SHE region
for these last two reactions varies from being unstable to having '
detectable half-1ives.20,21 Although such reactions would have many
technical difficulties associated with them, these target- projectile
combinations may provide a suitable reaction pathway to the formation
of SHE's not available in the reactions that have been used up to
now. The success of these experiments rely on the transfer reaction .

‘mechanisms and on an extrapolation of broad Gaussian distributions

of primary products (before fission) around the target nucleus extending
from the millibarn region into the nanobarn regjon. Also, the dis-
advantages of the extremely small amounts of 254Es and 255Fm available

“may more than offset these advantages for their use.
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